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A Two-State Eukaryotic Cell Migration Model
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Cells are dynamic and motile objects and the way they make decisions about
migratory directions has been an area of intensive research. To explain the in-
tricate effects of genetic mutations and environmental changes on cell migra-
tion, we have devised a discrete stochastic trajectory decision model from
simple mechanochemical principles. In the current model, the cells have
been treated as mobile machines with two states of migration: persistent and
random. The state transitions are assumed to obey Markovian dynamics. We
used molecular diffusion and polymer analogies to estimate likelihoods of
the trajectories. The model has been tested on human fibrosarcoma and fibro-
blast wild type cells, various knockdowns, and cells performing chemotaxis
and galvanotaxis. The results demonstrate the adequacy of the model in fitting
the experimental cell speed distribution, velocity autocorrelation, mean squared
displacement and angles between consecutive velocity steps. The model has the
potential to better explain more complex trajectory dynamics of cells including
cancer invasion, wound healing, and cellular development.
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b2 integrins, including LFA-1 (aLb2), play critical roles in leukocyte traffick-
ing. LFA-1 mediates the recruitment of neutrophils during inflammation
through interaction with ICAM-1 expressed on the endothelium. The affinity
of integrin for ligand is determined by its global conformation, regulated by
the binding of proteins to the integrin cytoplasmic tails. At least three different
integrin affinity states have been observed: low affinity with bent ectodomain,
intermediate affinity with extended ectodomain, and high affinity with ex-
tended ectodomain and open headpiece. Intermediate affinity LFA-1 contrib-
utes to neutrophil rolling interactions with the endothelium, whereas high
affinity LFA-1 mediates neutrophil arrest. In the current study, we determined
the roles for two integrin tail-binding activating proteins, talin-1 and kindlin-3,
in neutrophil rolling and arrest. Using established in vivo (intravital microscopy
of post-capillary venules) and ex vivo (microfluidic flow chamber) models, we
found that talin-1 is necessary for both LFA-1-dependent neutrophil rolling and
arrest. In contrast, kindlin-3 is required only for neutrophil arrest and is dispens-
able for rolling mediated by intermediate affinity LFA-1. These data indicate
that talin-1 is sufficient to induce LFA-1 extension to an intermediate affinity
state whereas kindlin-3 is critical for the transition of LFA-1 to a high affinity
state. We further corroborated our results with imaging and in vitro studies us-
ing antibodies that directly report b2 integrin conformation. Our results are the
first to demonstrate that members of the talin and kindlin protein families play
distinct roles in regulating integrin conformation.
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Contractile Movement and Subsequent Outward Translocation of
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Singapore, 2Department of Biological Sciences, Columbia University,
New York, NY, USA.
Integrin-mediated adhesions play important roles in many biology events, in-
cluding stem cell differentiation, cancer metastasis, and the immune response.
However, The mechanism of early adhesion formation remains unclear. Using
mobile RGD ligands on lipid bilayers with nano-fabricated physical barriers,
we observe surprising long-range lateral movements of ligated integrins during
the process of cell spreading. At first, RGD-activated integrin clusters stimulate
actin polymerization that radiates from the clusters. Myosin II contraction of ac-
tin from adjacent clusters produces contractile pairs that move toward each other
against barriers. Force generated bymyosin II stimulates a Src kinase-dependent
lamellipodial extension and outward movement of clusters. Subsequent retrac-
tion by myosin II causes inward movement of clusters. The final cell spread
area increases with the density of periodic barriers. Early integrin clustering re-
cruits adhesion proteins, talin, paxillin and focal adhesion kinase, irrespective offorce generation. However, recruitment of vinculin is only observed upon con-
traction. Thus, we suggest that integrin activation and early clustering are inde-
pendent of lateral forces. Src-dependent actin polymerization on integrin
clusters and subsequent contraction stimulate active spreading with outward
forces from actin polymerization followed by a second wave of contraction.
These early mechanical steps provide new targets to control integrin-
dependent adhesion and motility.
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A Universal Molecular Tension on a Single Integrin during Cell Adhesion
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The integrin is a cell-membrane receptor that mediates cell attachment to the ex-
tracelluarmatrix (ECM). Asmechanosensors, integrins also sense and transduce
mechanical information of ECM into the cells to regulate cell morphology and
migration. Cellular traction forces applied through an ensemble of integrins
have been extensively characterized but the cellular tension on a single integrin
that needs to be sustainably applied is unknown. Here we developed amolecular
tension sensor to measure the tension at a single integrin during cell adhesion to
ECM. The ligand of integrin aVb3, cyclic RGDfK peptide, is synthesized and
immobilized to a polymer-passivated surface through a variety of tethers with
various rupture forces ranging from 15 pN to 50 pN. During cell adhesion, in-
tegrins bind to RGDfKs and transduce tension to the tether. When the tension
exceeds its defined tolerance, the tether is ruptured and the ligand separates
away from the surface so that the cell does not adhere. A tension titration test
with nine different tethers of differing tension tolerance was performed on
CHO-K1 cells. We found that cells only adhere and spread on the surface
with a tension tolerance of 30 pN or higher. Other cell lines were also tested in-
cluding HEK 293, MDA-MB-231, Hela cells and NIH/3T3 cells. Despite the
large variations in the bulk traction forces known to exist among these cells,
the critical tension tolerance required remained at 30 pN. We therefore propose
that cells apply a universal tension across a single integrin-ligand pair during
cell adhesion. The underlying molecular mechanisms for the universal molecu-
lar tension is under investigation. Our approach is generally applicable to other
cellular signaling processes and may reveal the physiologically relevant tension
magnitudes across single receptor-ligand pairs using a cell physiology readout.
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Force generation is the main physiological function of primary heart muscle
cells (myocytes). To study this experimentally, we cultivated primary myocytes
from neonatal rat pups on silicone elastomer substrates of controlled elastici-
ties. Young’s moduli ranged from 1 to 500 kPa covering physiological and
pathological heart tissue stiffnesses. Fluorescent microbeads embedded in the
surface of these substrates served as markers for the displacements caused by
spontaneously contracting cells. Forces of isolated cells were extracted from
these displacements by the method of traction force microscopy (TFM). Trans-
fection with GFP-a-actinin enabled visualization of cell adhesions simulta-
neously to TFM. By restricting the force application points chosen for the
TFM algorithm to certain adhesion structures their mutual relevance for cellu-
lar traction force application was explored. Moreover, total cell forces clearly
depended on substrate stiffness. These experiments were complemented by
a quantification of myofiber contraction. Here, GFP-a-actinin containing
z-bands of separate myofibers were imaged by fluorescence microscopy. Sub-
sequent digital image processing was used to quantify the local contraction of
individual fibers on different stiffnesses. In contrast to forces, fiber contraction
appeared to depend little on substrate stiffness.
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Most eukaryotic cells constantly probe the mechanical properties of their envi-
ronment. During this process the actin cytoskeleton is contracted by myosin II
activity. At the same time actin is linked through focal adhesion proteins and
integrins to extracellular proteins. Our goal is to gain insight in the mechanical
coupling between cytoskeletal contractility and the extracellular forces gener-
ated. In our experimental approach we use fluorescence imaging and simulta-
neous local force-detection using microstructured elastomeric pillars.
Micropillars are prepared fromPoly-DiMethylSiloxane (PDMS) through replica
molding in a hexagonal pattern with: 2 mm diameter, 4 mm center-to-center
